The effectiveness of pre-play communication in achieving efficient outcomes has long been a subject of controversy. Aumann conjectures that, in a variant of the Stag Hunt game, "an agreement to play [the efficient outcome] conveys no information about what the players will do" and thus should not affect behavior. Farrell and Rabin suspect that cheap talk will achieve efficiency. Results show impressive coordination when the sender first chooses a signal and then an action. Without communication, efforts to achieve efficiency are largely unsuccessful. As Farrell suggests, reversing the order of the action and signal appears to change players' behavior. Journal of Economic Literature Classification Numbers: A13, C72, C91, D82, D84.
INTRODUCTION
While most economists would agree that communication can affect outcomes, the effectiveness of "cheap talk" (costless, non-binding pre-play communication) in achieving efficient outcomes is a subject of controversy. Since many economic interactions feature non-binding messages, this issue has considerable importance for efficiency and social welfare. 3 Cheap talk should be effective in achieving coordination in some types of games, but not in others where interests conflict completely or where a signal pooling problem critically impairs the credibility of a message.
Coordination games feature multiple equilibria. Often there is an efficient outcome which can only be achieved through coordination; some type of communication is possible, but there is no binding enforcement mechanism available. Sometimes we can rank the Nash equilibria on the basis of Pareto efficiency or payoff dominance, so that we can determine the efficient equilibrium and observe the frequency of its realization. Coordination failures are theoretically possible, particularly when there is a risk-dominant equilibrium (Harsanyi and Selten, 1988) which differs from the Pareto-efficient one. Aumann (1990) The logic is impeccable, but some feel that an expectation that communication will not affect results is unrealistic. Farrell and Rabin (1996) state (p. 114): "although we see the force of Aumann's argument, we suspect that cheap talk will · · · [achieve B,B]." Certainly it is true that the sender wants the receiver to believe the message whether or not she intends to act in accordance with the message-this is Aumann's point. However, one might also ask if the sender would wish to send an accurate message if she thought the receiver would believe the message. It all depends on beliefs and credibility; both views are internally consistent. 4 Farrell (1988) also writes (p. 213) that "it is a matter of whether [a player] decides on his move after he chooses his message, or his move first and then his message. If the latter, then Aumann's criticism is compelling; if the former, then matters are rather unclear." The intuition is that the participants' perceptions of the salience of the self-interest issue may well influence the credibility of the potentially misleading and self-serving message.
Previous experimental work suggests that the extent to which communication can enhance coordination may well vary across different forms of games and message technologies, as results with pre-play communication have varied. This paper reports the results of a test of Aumann's conjecture, using one-way written signals marked on message forms. When the signal is followed by an action, there is a high degree of coordination on the payoff-dominant equilibrium. This percentage does not appear to be very sensitive to the degree of risk dominance in the game. When the game is played without communication, risk dominance generally prevails, despite some attempts to achieve the payoff-dominant outcome. In a prisoners' dilemma control treatment, the cooperative move is generally signaled, but rarely played by either sender or receiver.
Since the results in the control sessions are so different from those when the signal precedes the action choice, it seems clear that a B signal does convey information. One cannot conclude that simply because a message could be self-serving, it will be ignored. The behavioral question (on which a payoff-maximizing player should base a choice of actions) is what actions people actually take, given a particular signal. The purely logical argument that potential self-servingness necessarily destroys credibility is clearly refuted by the data.
The Farrell (1988) comment is also tested, by (physically) requiring that the sender choose an action prior to sending a message. Here behavior is more consistent with Aumann's conjecture. This environment is highly unpredictable, but the results for this treatment and a control treatment without communication are not dramatically different. 5 Farrell's point about behavior being sensitive to the order of announcements and actions does appear to matter empirically.
In Section 2 of this paper, I mention some theoretical issues pertaining to coordination and communication, as well as relevant experimental results. Section 3 describes the experimental design and the results are presented in Section 4. Section 5 offers some discussion of the results and issues affecting beliefs about conditional play. Section 6 concludes and presents extensions to "hierarchies" of cheap talk and potential classifications of types of games by the degree of conflict or coordination.
COORDINATION, COMMUNICATION, AND DOMINANCE
When players' interests are well-aligned, communication can readily achieve coordination. As an example, consider the battle of the sexes B F B 2 1 0 0
With a one-way signal, it should be easy to achieve [B,B] or [F,F] ; the outcome depends on which player is chosen to signal. In this game there is no reason to attempt to deceive the other player. The message is selfsignaling, as the signaler wishes to convey information if and only if it is true. However, note that coordination is much more problematic here with two-way simultaneous messages. Farrell and Rabin (1996) define a message to be self-committing if it creates incentives for the signaler to fulfill it, if the other player considers the message credible. A credible message must be self-committing. Yet, selfcommitting messages need not be entirely credible or, as in Aumann (1990) , self-enforcing. In the background, there is the issue of payoff-dominance versus risk-dominance. Harsanyi and Selten (1988) find both to be quite relevant in equilibrium selection. On the other hand, Harsanyi (1995) states (p. 94) that "further reflection on the Aumann (1990) arguments has convinced me
[to] use only risk dominance as choice criterion among different equilibria without any use of payoff-dominance." So the issue of whether payoff-dominance is relevant still seems to be unsettled. Blume (1998) finds that effective one-sided communication can be a stable outcome if the preferred equilibrium is not risk-dominated.
6 Hurkens (1996) examines the question in games where messages are costly (moneyburning) and concludes (for one-sided pre-play communication) that the signaler must achieve his or her preferred outcome. 7 The cost ε can be arbitrarily small. If we consider a false signal to have even a small psychological disutility for the sender, this model predicts successful coordination on the payoff-dominant equilibrium. 6 Blume notes that in this type of game (2 × 2 Aumann game), the payoff-dominant and risk-dominant equilibrium may be the same. An example is the game below:
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It is easy to calculate the minimum probability assessment required for a neo-classical agent to play B in response to a B signal. 8 In a sense, it is this subjective probability estimate that reflects the degree of perceived risk. Even if we neglect any non-pecuniary "warm glow" from achieving efficiency, there is another issue: if the sender assigns a high probability that his signal will be considered to be credible, he does best by playing B. Is it reasonable to believe that the receiver considers the message sufficiently credible? Perhaps so; this is a behavioral question. The answer may be related to the extent of the influence of payoff-dominance in the population.
Evidence from experimental tests of coordination in games is rather mixed. Isaac and Walker (1988) find that communication is very effective in a public goods experiment. Cooper et al. (1990) observe that forward induction has limited success in generating coordination. Van Huyck et al. (1990) find convergence to the payoff dominant outcome with small fixed groups of subjects, but coordination failure with large groups.
Van Huyck et al. (1993) employ a two-stage design to test forward induction: the first stage consists of an auction for the right to play in a median-effort coordination game, where there are ranked equilibria and deviations from the median action are costly. There is a high degree of convergence toward the payoff-dominant equilibrium using the 1st-stage auction, while this convergence is never observed without an auction.
9 Cachon and Camerer (1996) also use the median game and transform the payoffs in later rounds, so that a positive net payoff is only possible with coordination on a high median value for the group. They observe movement toward higher-ranked equilibria when there is common knowledge of the payoff transformation, suggesting that loss-avoidance is a selection principle.
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There are few tests of the effectiveness of pre-play communication with respect to coordination. One game (SCG) tested in Cooper et al. (1992) is A B
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Three conditions are tested: no signals, one-way signals, and simultaneous two-way signals. They report that (for the last 11 rounds of the 22 played) the efficient outcome is reached in 0%, 53%, and 90% of the cases, respectively. Although they conclude that only two-way communication is effective in achieving efficiency, a one-way signal also has a significant and substantial effect on coordination. However, their payoffs do not permit a direct test of the Aumann conjecture, as there is no strict preference over the other player's action when he or she intends to play A. Clark et al. (1997) 12 However, the corresponding percentage of B plays in the game without signals is 19% and they state (p. 11) that "the proportion of [B] choices is affected by communication p = 0 0027 ." Nonetheless, the efficient outcome is not observed in most cases and they conclude on p. 14 that "these results suggest that communication is not sufficient for attaining efficiency in simple coordination games."
In these tests, the risk-dominant equilibrium is generally observed when signals are not possible, while the payoff-dominant equilibrium is far more prevalent with signals. Even though the degree of effectiveness of communication varies, signals seem to always significantly increase the likelihood of efficient play in coordination games. But there has been only limited success for one-way signals in experimental 2 × 2 coordination games, even though there is some theoretical basis for expecting coordination.
EXPERIMENTAL DESIGN
Sessions were conducted at Universitat Pompeu Fabra in Barcelona. A total of 252 people participated, with each present at one session. Subjects were recruited by posting notices and were almost exclusively economics, 11 I became aware of this paper only after conducting my experimental sessions. 12 Clark et al. find that, in the SCG, subjects played B in 77% of all cases, while the probability of a B signal was 85%. Overall in their Aumann game, the proportion of B choices conditional on a [B,B] announcement was only 50%, compared to 96% in the replication of Cooper et al. business, and humanities undergraduate students. Average earnings were about $10.00, including a show-up fee. The experimental instructions are available upon request.
There were generally 12 or 18 people in each session. 13 Subjects were seated at carrels separated by dividers and a ban on verbal communication was enforced. Instructions (available upon request) were given to each person and were also read aloud to ensure a common knowledge condition. There were 10 periods in each session; participants were told that there would be random re-matching in each period and that the role of the signaler was also randomly drawn for each period. Random matching only took place within subgroups of six players.
14 While it is true that two people were sometimes paired more than once, no player was ever aware of the identity of the other player in the pair. Since there were generally 18 participants in a session, subjects had little reason to be concerned with repeat game effects, as they did not know that pairings were only formed within these six-person groups.
Prior to each period, every participant was given a piece of paper. Senders received a paper which read "I intend to play [A or B] ."
15 For receivers, the initial paper received was blank. Identical black pens were provided to each person, with which the signal was indicated on the paper. In this way, no one knew which people made signals in a round. After signals were marked, papers were collected and sorted; signals were distributed to assigned receivers and senders received blank pieces of paper. At this point, players marked play choices on a decision form. These forms were collected and the payoffs were determined and marked on the forms, which were then returned to the participants. Payoffs were aggregated over the 10 periods in the session and subjects were paid individually and privately.
Three different payoff calibrations were used in the coordination game, to investigate the degree of sensitivity to risk-dominance. 1 point = 1 peseta $1 00 ∼ = 150 pesetas . These, along with the prisoner's dilemma played, are shown in Table I .
In the AS treatment, game 2 was played. Senders completed their decision sheets before receiving message forms; as in the other signal treat- 13 Two sessions had only 6 subjects. 14 The point of this design is to obtain independent data points, since each group's actions are internally interdependent. With separate groups of 6, we can treat each cell as a single independent data point. I am indebted to Rosemarie Nagel for this suggestion. 15 This signal was in Catalan, with translation by Andreu Mas-Colell. The corresponding signal in the AS treatment was "I indicate that my play is [A or B] " in Catalan and was provided by Jordi Brandts. ments, the receivers made their decisions after these message forms were completed and distributed.
RESULTS
Aggregated results are presented below. Detailed outcomes for each sixperson cell in each treatment, as well as individuals' response to B signals, can be found in the working-paper version and are available upon request.
Signal Followed by Action (SA)
The results are striking. In the stag hunt variations, the proportion of B signals was 95%. Conditional on a B signal, B was played by both the sender and the receiver with 94% probability and the efficient outcome achieved in 282 of 315 cases (89.5%). Overall, the proportion of B plays was 91% and the likelihood of the efficient outcome was 86%. Results are presented in the Cooper et al. (1992) format in Table II. The results for these three calibrations are quite similar. There is no appreciable difference for either the proportion of B plays (0.90, 0.92, and 0.91 for Games 1, 2, and 3, respectively) or the proportion of [B,B] outcomes (0.84, 0.88, and 0.86). A Kruskal-Wallis test, using each sextuple as one observation, fails to reject the hypothesis that the behavior is the same across calibrations χ 2 = 0 268 d f = 2 n s . An examination of the behavior of the receivers shows that the vast majority of subjects considered a B signal to be credible. 83% of subjects always responded to a B signal by playing B. Overall, 61 of 66 receivers (92%) played B at least 75% of the time when a B signal was received. Given the senders' behavior in every sextuple, a B play was ex post payoffmaximizing for a receiver and thus it was also optimal for a sender to signal B and to then play B.
There was little change over time, although [B,B] rates were slightly lower in the first and last periods. 
No Signals (NS)
In order to test the effect of the signal, it is necessary to compare these results with the play in the sessions without communication. (See Table III.) There is a trend toward more risk-dominant (A) plays with a higher degree of risk-dominance. However, even if we make the rather dubious assumption that every decision is independent, only the difference between the proportions of B plays in games 1 and 3 are significant at conven- tional levels. 16 A Kruskal-Wallis test, using each sextuple as one observation, fails to reject the hypothesis that behavior is the same in all three games χ 2 = 0 825 d f = 2 n s . There is considerable variation across sextuples: Some groups begin with very high proportions of B moves and maintain substantial coordination, while others start with few B moves and rapidly converge to all A plays.
A very conservative nonparametric statistical test, the Wilcoxon-MannWhitney test on individual sextuples, shows that there is a strongly significant difference p < 0 0001 between the SA and no communication treatments for both the proportion of B moves and the proportion of [B,B] outcomes. It is obvious that the signal has a strong behavioral effect on play, even though theory correctly points out that a B signal is potentially a mixed message.
Here the proportion of B plays decreases steadily and substantially without communication (from 55-60% in the first two periods to 35-40% in the last two periods). Although 10 periods may not be enough to achieve equilibrium, the [A,A] equilibrium is increasingly likely over time (30% in the first two periods vs 55% in the last two periods) without communication, while the [B,B] outcome drops from 25-35% in the early rounds to a fairly consistent rate of 10% thereafter. There are considerably more offdiagonal results in this treatment, although these are less common in later rounds. Ex post, it was payoff-maximizing to play A.
Prisoner's Dilemma (PD)
Since the proportion of B play is so high compared to some other results and a written signal was used rather than a computer message, a prisoner's dilemma game control was conducted as a control to investigate whether signalers played B simply because they felt "contractually bound" by their marked signals. (See Table IV.) 16 Using the χ-square test with A and B choices, we have χ 2 = 7 22 p < 0 01 comparing games 1 and 3; comparing across games 1 and 2, we find χ 2 = 1 81 n s , comparing games 2 and 3, χ 2 = 2 56 n s . The critical value for the 5% significance level (one degree of freedom) is 3.84. Here there were only 10% B plays overall, despite the fact that the proportion of B signals was 79%. The probability of a B play conditioned on a B signal was only 12% for the signaler and 10% for the receiver. There is very little change in the rate of false signals over the course of the 10 periods. Senders clearly did not feel bound to comply with their written messages and receivers did not view these signals as credible. While the urge towards payoff-dominance may be high, this influence can be overcome by clear disincentives.
The PD results show that subjects are willing to misrepresent their intentions when it suits them, even with a written signal. However, a written signal in the SA treatment may still potentially lead to different behavior than a computer signal. It may well be true that there is a greater aversion to misrepresentation with a written signal than otherwise. Any such degree of aversion must be considered, along with the underlying environment and payoff structure, when assessing the credibility of a message.
Action Followed by Signal ( AS)
When it is common knowledge that senders have already chosen their actions, some subjects appear to focus more on the self-interest problem noted by Aumann. Results were highly group-specific. For the six groups, two featured nearly all-B play, two quickly became nearly all-A, and the other two were still mixed after 10 periods. Thus, in some cases it may be that an urge toward payoff-dominance is strong enough to induce and sustain B plays. In others, cooperation breaks down rapidly and completely. Aggregated results are presented in Table V. B signals were still the norm (82%), but the overall probability of a B play, given a B signal p B s B , is only 0.52. However, the variance is quite high and the probability by sextuple ranges from a low of 0.07 (3 of 46) to a high of 1.00 (60 of 60). [A,A] rates increase steadily over time, from 30% in the beginning to over 50% at the end. [B,B] rates drop from 55% to under 40%.
As before, we can use the Wilcoxon test on sextuples to test whether the results for these sextuples differ significantly from those for groups in (Glasnapp and Poggio, 1985) finds that the AS and NS treatments differ at p < 0 01.
Second, a moderately conservative test examines the data from only one period and treats each person or outcome as a data point, pooling across sextuples within conditions. Here we find borderline statistical differences. If we focus on the percentage of B play, this test finds a difference significant at p = 0 19 z = 1 31 ; if we test the percentage of [B,B] outcomes, the difference is significant at p = 0 06 z = 1 87 . 18 Using this test for the AS/SA comparison gives significance at p < 0 001, using either metric z = 4 14 or z = 3 38 respectively .
Thus, while even the most conservative test rejects SA = AS, this same test cannot reject AS = NS. However, other tests suggest there may be a small difference between these two treatments: Comparing the AS and NS results, even a signal which follows an action choice increases the likelihood of a [B,B] outcome; the overall rate of B play differs less. The likelihood that such a difference is due to chance cannot be judged reliably without a precise model of the nature of dependence of subjects across periods. 17 The data from the three SA calibrations is pooled, given that the Kruskal-Wallis test finds little difference across the games. Similarly, the data from the NS treatment is pooled for the Wilcoxon test against the AS treatment. The significance levels reported are for the two-tailed test of differences. 18 The one-period test presumably reduces the dependence within sextuples. However, it is unclear which period should be used for the test. Subjects may be confused in the 1st period; unusual behavior is not uncommon in the last period of a session. The tests are performed using third-period data, which happen to be quite representative of the overall data. 20 However, this is due almost entirely to the greater likelihood of an A signal 21 -a B signal leads to 86% [B,B] outcomes, just lower than the 89.5% in my SA treatment. In fact, the probability of a B play given a B signal is quite consistent across the various payoff matrices-19 I thank two anonymous reviewers for this suggestion. 20 The 1992 paper reports only the data from the last 11 periods of their 22 period session. My thanks to Doug DeJong for providing the complete data set. 21 With this payoff matrix, the sender does not strictly prefer that the receiver plays B, so it should not be surprising that A signals are more frequent. The preponderance (20/23, or 87%) of senders who play A also signal A. Table VIII .
DISCUSSION
The degree of coordination with a one-way signal is quite high when the signal precedes an action. Coordination and efficiency are much lower without a signal, so that the hypothesis that the signal conveys no information is easily rejected. The results in the prisoner's dilemma game show that it is possible for a game's payoff structure to overcome tendencies to adhere to one's signal, so that a written signal cannot per se always be taken at face value.
In addition, reversing the order of the sender's decisions can induce a major difference in behavior. In the AS treatment, some groups can coordinate on [B,B] outcomes, while others coordinate on [A,A] outcomes. While the AS results do differ significantly from the SA results, they cannot be statistically distinguished from those obtained without communication.
In this sense, Farrell's comment on Aumann's conjecture is borne out by the data. Perhaps the reversal of the order of signal and action brings the cognitive task and self-interest issue into sharper focus, reducing the credibility of a signal. While the SA sequence may seem the more natural interpretation, the AS sequence is potentially more realistic in some economic environments.
Payoff-dominance seems to be a strong influence here, although riskdominance usually trumps it when no communication is possible or when the credibility of a signal is perceived to be low. The prisoner's dilemma control shows that risk-dominance is pre-eminent when there are strong disincentives for attempting to reach efficiency, regardless of whether the efficient move has been signaled. It is not merely a taste for honesty or a perception of an implicit contract that drives the high degree of coordination we observe here in the SA games. Subjects may anticipate that other players would believe a B signal, making a B play the best choice. Yet there seems to be more uncertainty about credibility when the order is reversed-perhaps this sequence is seen to highlight the self-serving nature of the signal. For sophisticated groups of players, behavior in SA and AS treatments might not differ.
We can attempt to assess the economic significance of a signal's effectiveness by creating a payoff efficiency index. Without a signal, each payoff calibration would yield some expected per-player payoff if decisions were made randomly and with equal probability. In the stag hunt, there is also a clearly defined Pareto-optimal set of payoffs. Consider an efficiency index, e = a − r / m − r , where the subscripts refer to actual average payoffs, maximum possible payoffs, and expected random-action payoffs, respectively. (See Table IX .) Communication induces an 80% efficiency level in the SA treatment, with an individual obtaining, on average, about 95% of the maximum possible payoff of 90. Efficiency is just slightly lower for the Clark et al. and Cooper et al. calibrations . The average payoff achieved in the no signal condition is quite close to that expected with random actions. 22 Even the AS efficiency level is substantially better than zero. AS average payoffs are higher when a B signal is made (73.98 to 69.24 for an A signal), but any signal does better than the random-action expected payoff of 62.5. 23 Although in this case a B signal is often not considered credible, AS signals are at least fairly successful in achieving coordination on one of the two on-diagonal payoff cells.
While results differ somewhat from those of previous studies, the message technology, subject pool, and other factors differ. In the first 11 periods of the original Cooper et al. game, there was a 65% chance of a [B,B] outcome and a probability of 0.82 that a receiver played B in response to a one-way B signal. Without signals, these periods show a 10% probability for the [B,B] outcome and a 55% chance for the [A,A] outcome, with the proportion of B moves at 0.28.
The replication with the Clark et al. payoff matrix gives results quite similar to those in my SA treatments. Many potential explanations can be proposed for the difference in results across our sessions. In an Aumann game, inferences with two-way simultaneous signals may be more complex and the credibility of a B signal thus diminished. Second, a written signal may be more credible than a computer signal, although the prisoner's dilemma treatment shows that this written form per se is insufficient to achieve Pareto-efficiency. Finally, with heterogeneity across subject pools, a plausible difference in subjects' beliefs about the beliefs of others could explain much of the contrast in behavior. 24 No definitive conclusion about the difference in results can be drawn at this time; however, in all cases pre-play communication with the SA decision order strongly enhances the degree of coordination.
CONCLUSION
Achieving coordination in economic contexts is an important issue. Aumann (1990) conjectures a limitation on the effectiveness of pre-play communication as a coordination mechanism. Yet when his example is tested with a signal followed by an action, the conjecture is rejected. However, as 23 Curiously, the likelihood of an [A,A] outcome given a B signal is actually slightly higher than the probability of an [A,A] outcome without a signal. Table 4 shows that 61% (48/79) of B signals led to [A,A] outcomes, compared to the 55% (197/360) probability of an [A,A] outcome in the NS treatment. This result may be analogous to the nonconsequentalist reasoning discussed by Shafir and Tversky (1992) and Croson (1999) , where (in a prisoner's dilemma) a player is more likely to cooperate when he does not know the action of the other player than when he knows the other player has chosen the cooperative move. 24 Note that B signals were made only 81% of the time in their Aumann's conjecture test; moreover, in a third Clark et al. game where players have a clear incentive to report truthfully, the chance of a B signal is only 51.5% and the likelihood of B play is only about 29.5% (this figure provided by Martin Sefton).
Farrell suggests, the results are rather different when the order of decisions is known to be reversed. From a purely theoretical perspective, there is no obvious reason why the decision order should matter. Nonetheless, the transparency of the cognitive task appears to critically affect the credibility of the signal.
One cannot assume that the observed laboratory behavior is completely general. However, in a natural environment there may be other factors that enhance coordination-for example, there is often a serious issue of reputation. To the extent to which the laboratory abstracts actual behavior, the results have direct implications for coordination possibilities.
There are a number of extensions for this research; for example, there may be different "degrees" of cheap talk.
25 Radner and Schotter (1989) and Schotter et al. (1992) find that bargaining is more efficient with more personal communication. In this case, it may be perceived as more of a breach of a social norm to violate a technically non-binding agreement. Situations where payoffs are more in conflict could require higher cheap talk intensities. Dawes et al. (1977) find that personal communication produces significantly more public good provision in a dilemma situation, so that cheap talk may even be beneficial in achieving cooperation in more difficult environments. Weber et al. (1999) use cheap talk in a minimum-effort (multi-person stag hunt) game to investigate the effects of "leadership" on the likelihood of Pareto-optimal choices, operationalizing the concept of degree as the fraction of people who speak at once-the higher the fraction, the more coordination.
Much of the interaction in the world resembles cheap talk, in that implicit agreements are only indirectly enforceable. This study shows that one-way communication can be quite effective in achieving coordination, even when there are valid theoretical reasons for doubting the content of a message. Payoff-dominance is a strong element of the equilibrium-selection process in this experiment, although risk-dominance generally prevails if no signal can be made and can also prevail when actions precede signals.
